For improvement of the mechanical properties of magnesium alloys, the material and process design for MMC was established to disperse solid-state synthesized Mg 2 Si in the magnesium alloys, in employing the elemental magnesium and silicon powder mixture. In the repeated plastic working on the raw mixture for the refinement of silicon particles and their uniform distribution in the AZ31 primary powder, Mg 2 Si/Mg composite alloys show fine microstructures and superior mechanical properties: UTS is about 350 MPa and YS is over 300 MPa. This is because of fine Mg 2 Si dispersoids with a mean particle size less than 5 mm as well as refined matrix grain of 2-5 mm. The specific tensile strength is much higher than that of the conventional magnesium and aluminum alloys such as AZ31, AZ91 and 2014(T6) alloys. This material and process design is possible to apply to the mass-production process in using a large scale manufacturing equipments.
Introduction
Magnesium alloy has a possibility to reduce the energy consumption and/or saves the total cost by its lightweight effect and high specific tensile strength, in its application to structural components such as automotive or machine parts. The actual application, however, is limited to housings or cases of mobile phones and notebook PC because its hardness, Young's modulus, wear and corrosion resistances are poor, compared to the conventional light metals such as aluminum or titanium alloys. For improvement of these properties, metal matrix composite (MMC) is one of the useful material designs. They strongly depend on the characteristics of dispersoids and the microstructures; for example, the particle size, volume fraction of the dispersoids and the bonding strength between the matrix and dispersoids. Mg 2 X (X is IVB group element; Si, Ge, Sn and Pb) intermetallics with CaF 2 type crystalline structure have higher melting point, hardness and Young's modulus than the conventional magnesium alloys. In particular, Mg 2 Si intermetallic compound has low density of 1.91 g/cm 3 , 120 GPa Young's modulus, high micro Vicker's hardness of 600-700 Hv, and low coefficient of thermal expansion of 7:5 Â 10 À6 K À1 . 1) Therefore, Mg 2 Si compounds can be employed as effectively strengthening dispersoids of magnesium composites. However, Ingot Metallurgy (I/M) Mg-Si alloy reveals very low ductility because of its coarse Mg 2 Si particles.
2) Rapidly solidified (R/S) ribbons with Mg-Si alloy are consolidated by hot extrusion to fabricate Mg-Mg 2 Si composite materials. 3, 4) They show high strain rate superplasticity at 773 K because of very small grain size of about 1 mm. Also high ultimate tensile strength and 0.2% proof stress of the composite were reported as 506 MPa and 455 MPa, respectively. It shows, however, a small elongation of 1.6%.
The repeated plastic working (RPW) is an optimal process for refinement of both Mg 2 Si dispersoids and matrix grain size. This process consists of cold compaction and extrusion processes; the elemental magnesium and silicon powder mixture is available as starting material, since in-situ fragmentation of silicon particles powder takes place via Powder Metallurgy (P/M) process. 5) RPW enhances that solid-state synthesis of Mg 2 Si nano-structural bulk material.
6) It also reduces the ignitions temperature for this synthesis of Mg 2 Si intermetallic compounds; for example, from 785 K for the conventionally cold compact to 423 K for the RPWed green compact. That lower temperature in solidstate synthesis is favorable to prevent from the grain growth and the coarsening of Mg 2 Si particles. Additionally, for the improvement of the bonding strength of Mg 2 Si dispersoids with the matrix, they have a good coherence with the magnesium matrix because of the reaction between the magnesium and silicon.
First of all in this study, the possibility to fabricate magnesium matrix composites via in-situ synthesis of Mg 2 Si dispersoids is discussed. The effects of the refinement of the dispersoids and the distribution uniformity on the mechanical properties of the magnesium composites, are evaluated, when using the repeated plastic working on the elemental AZ31 and silicon raw powder mixture.
Fabrication of Magnesium Composite with Mg 2 Si
Dispersoids by Solid-State Synthesis Process
In the solid-state synthesis of Mg 2 Si compounds, both the mechanical breakage of MgO surface films covering the raw magnesium powder and the enlarging contact area between magnesium and silicon powder, are favorable to progress the formation of Mg 2 Si intermetallics at low temperature. Raw silicon particle size is dominant on Mg 2 Si synthesis in solid or liquid state on route of the reaction between magnesium and silicon powder mixture. That is, the refinement of Mg 2 Si dispersoids of the magnesium composites should be obstructed, in the liquid-state synthesis, accompanying with the growth or coarsening of Mg 2 Si particles. Therefore, first of all, the effect of raw Si particle size on Mg 2 Si synthesis of Mg composite is evaluated.
Fine and coarse Si powder as raw materials, having a mean particle size of 22.3 mm and 109.9 mm, respectively, are mixed into pure magnesium powder with that of 111.5 mm. The silicon content is 5, 10, 15 and 20 mass%. Each powder mixture is consolidated by the conventionally cold compaction with a pressure of 600 MPa. Figure 1 shows the dependence of the exothermic heat of differential scanning calorimeter (DSC) thermograms for each green compact on the Mg 2 Si content calculated from the silicon content of the raw mixture, with a heating rate of 0.167 K/s filled with nitrogen gas in DSC equipment. The broken line corresponds to the theoretical value calculated by using the exothermic heat of 89.5 kJ/mol to synthesize Mg 2 Si compounds.
7) The area below the line means that Mg 2 Si synthesis progresses not only in solid but also in liquid state. The solid-state synthesis completely occurs in employing fine Si particles, however, the use of coarse ones is accompanied with both solid and liquid state reactions to form Mg 2 Si. In other words, non-reacted raw silicon remains in the green compact after annealing below the melting point of magnesium (923 K), when employing coarse silicon particles. Figure 2 shows XRD patterns of each green compact, including the fine silicon content of 5 and 10 mass%, after annealing at 853 K for 240 s in nitrogen gas atmosphere. No peak of silicon but that of Mg 2 Si is detected in the patterns. The peak intensity of Mg 2 Si increases with increasing the silicon content, concurrently that of magnesium decreases gradually. Figure 3 shows the analytical results by energy dispersive X-ray fluorescence spectrometer (EDX) on the dispersoids of the annealed compact shown in Fig. 2 (10 mass%Si content) . The quantitative analysis on its constituent elements by ZAF method shows that Mgk is 26.1 at% and Sik is 12.7%. The peak ratio of silicon to magnesium is about 2. Considering these results, the dispersoids correspond to Mg 2 Si intermetallics. Accordingly, fine silicon raw particles completely reacted with the magnesium powder to synthesize Mg 2 Si compounds in solid-state, even under the small thermal history. Figure 4 shows EDX result on the green compact including coarse silicon particles after annealing at 853 K for 240 s when the silicon content is 10 mass%. As a result by ZAF quantitative analysis, the outside layer with a thickness of about 20 mm corresponds to the synthesized Mg 2 Si intermetallics, however, the non-reacted silicon remains at the center of the particle. It means that the synthesized Mg 2 Si layer in solid-state around the raw silicon particle obstructs the interdiffusion between silicon and magnesium. 6, 8) Therefore, it is necessary for the progress of the complete interdiffusion to anneal the green compact at higher temperature for a longer time, when employing the coarse silicon raw materials.
These results suggest that the use of finer silicon particles is favorable to fabricate the magnesium composite material reinforced with fine Mg 2 Si dispersoids via in-situ solid-state reaction from the elemental magnesium and silicon powder mixture.
Material and Process Design for High-strengthened Magnesium Composite with Mg 2 Si Dispersoids
For strengthening the magnesium composite alloy including Mg 2 Si dispersoids via solid-state synthesis in P/M process, the following material designs should be considered: 1) Fine dispersoids (Mg 2 Si and/or Mg-Al intermetallic compounds) 2) Uniform distribution of dispersoids in primary particles, not at primary particle boundaries 3) Refinement of grain size of magnesium matrix 4) Large plastic deformation in hot working to consolidate green compact (ex. Hot extrusion) For the material designs 1), 2) and 3), the repeated plastic working, schematically illustrated in Fig. 5 , is employed in this study. It enables to break or fragment Mg 17 Al 12 lamellar intermetallic compounds with over 30 mm into fine pieces of 3-5 mm, in applying to AZ31 (Mg-3 mass%Al-1 mass%Zn) machined chips. 9) At the same time, the fine compounds are dispersed uniformly in the magnesium alloy matrix of the green compact. That is, the intermetallics exist in the primary particles homogeneously after hot working. The grain refinement also effectively progresses during RPW by applying large plastic deformation repeatedly to the AZ31 chips. Therefore, even when starting from the raw magne- sium and silicon powder, the repeated plastic working process enhances the refinement of the matrix grain and silicon particles, and uniformly distributing in the magnesium matrix. For the issue 4), hot extruding process with a high extrusion ratio is available to strengthen the magnesium alloys because of its hpc structure. 10) Concurrently, it causes the fragmentation of some dispersoids in the magnesium alloys.
AZ31 powder, having a mean particle size of 89 mm, and silicon powder with that of 22.3 mm and 99.99% purity are prepared as raw materials. The elemental AZ31 and silicon powder mixture, including the silicon content of 5 mass%, is consolidated via the repeated plastic working at room temperature, where the number of cycles in RPW, N is 50, 100 and 200. N ¼ 0 denotes the conventionally cold compaction at 600 MPa to consolidate the powder mixture. In-situ synthesis of Mg 2 Si dispersoids progresses by preheating over the ignition temperature (Ts) of the exothermic reaction in DSC thermograms. Figure 6 shows DSC curves of AZ31-5 mass%Si powder mixture and the green compact with/without RPW process. The RPWed and conventionally cold compacts are pre-heated at 723 K and 773 K, respectively, for 240 s in nitrogen gas atmosphere with the heating ratio of 1 K/s. The pre-heated green compacts are immediately consolidated into full density by hot extruding at 773 K with an extrusion ratio of 37. From a viewpoint in evaluating the effect of the plastic deformation on the properties of the magnesium composites, the hot forging process, having a strain rate of 3.1 s À1 in compaction, is also employed to consolidate the cold compact. The optical microstructures and XRD for structural analysis are carried out. In particular, the quantitative image analysis is applied to calculate the Mg 2 Si mean particle size and the mean free path between dispersoids. Micro-hardness and mechanical properties of the hot extruded Mg 2 Si/Mg composites are evaluated. The tensile test is carried out under a strain rate of 5:0 Â 10 À3 s À1 at room temperature. Figure 7 shows XRD patterns of the hot extruded Mg 2 Si/ Mg composites via RPW with 50 cycles. The typical peaks to Mg 2 Si, not to Si are detected, that is, the mixed silicon raw particles completely reacted with magnesium to synthesize Mg 2 Si compounds during pre-heating. The changes in the grain size of the magnesium matrix with increasing the number of cycles in RPW, are shown in Fig. 8 . The hot extruded composite without RPW (N ¼ 0) has a mean grain size of about 10 mm, however it decreases to less than 5 mm via RPW process when N ¼ 200. Concurrently, the refinement of the grain size progresses uniformly in increasing the number of cycles, because not only fragmentation of Si particles but also grain refinement of the magnesium matrix of the green compact occurred due to the cyclically plastic working. Concerning to the particle size and distribution of Mg 2 Si dispersoids, Fig. 9 suggests that the refinement of Mg 2 Si particles (indicated with ''white arrows'') and their homogeneous dispersion along the extruding direction occur 
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Extruding Direction Fig. 9 Effect of number of cycles in repeated plastic working on refinement and uniformity of Mg 2 Si dispersoids of hot extruded magnesium composite.
Magnesium 615 in increasing N. For example, the image analysis on the optical microstructures reveals that a mean particle size of Mg 2 Si at N ¼ 0 and 200 is 15 mm and 3 mm, respectively. Considering that of raw silicon powder and the hot forged composite (N ¼ 0) is 22.3 mm and 19 mm, respectively, the large plastic deformation during hot extruding is effective on the significant refinement of synthesized Mg 2 Si dispersoids. Figure 10 shows the dependence of the mean free path between Mg 2 Si particles measured by the image analysis, on the number of cycles in RPW. It reduces with increase in N, that is, Mg 2 Si particles are dispersed homogeneously in the matrix by RPW process. This result corresponds with microstructure changes shown in Fig. 9 . This is because the refined silicon particles are embedded in the primary AZ31 powder and the uniform dispersion occurs during RPW. Figure 11 shows a hardening effect on the hot extruded magnesium composite with Mg 2 Si dispersoids by RPW process. Micro-Vicker's hardness increases proportionally to the number of cycles; for example, the composite via 200 cycles RPW shows 108 Hv, corresponding to that of the conventional 2014(T6) aluminum alloy. The dominant factors on this hardening are the uniform distribution of Mg 2 Si fine particles and the refinement of the magnesium matrix grain. Regarding to the tensile properties of the composites, as shown in Fig. 12 , the ultimate tensile strength (UTS) of the hot extruded AZ31 composite alloys remarkably increases with increase in the number of cycles. For example, UTS at N ¼ 200 is 343 MPa and 6%, respectively. It means that the specific tensile strength is 196 Â 10 6 Nmmg À1 . Compared to the conventional aluminum alloy such as 2014(T6) and 4032(T6) with that of 172 MPa and 162 MPa, respectively, 11, 12) it is clarified that the hot extruded AZ31 composites with in-situ synthesized Mg 2 Si dispersoids have superior mechanical properties. On the other hand, the hot forged AZ31 composite (N ¼ 0) indicates poor mechanical properties such as 98. 4 MPa of UTS and 0% elongation. In other words, a large plastic deformation in hot working is necessary for dense consolidation to strengthen the magnesium alloy via P/M process. As a remarkable feature, they show a higher yield stress over 303 MPa than the conventional magnesium alloys. It is considered by two effective factors to increase yield stress; high Young's modulus of the composite and the pinning effect due to Mg 2 Si fine dispersoids. For the pinning effect, however, 7% volume fraction of Mg 2 Si dispersoids is not enough to obstruct the coarsening of magnesium matrix grains. Also as shown in Fig. 8 , the fine dispersoids always do not exist at the matrix grain boundaries. Accordingly, the increased Young's modulus of the magnesium composite including Mg 2 Si dispersoids causes higher yield stress, compared to the pinning effect. Figure 13 reveals the fractured surface of the hot extruded tensile test specimens, in employing (a) a green compact by the conventionally cold compacting (N ¼ 0) and (b) RPW process with N ¼ 200 cycles. In both composites, there is no primary particle boundaries (PPB) and no breakage at PPB on the both fractured surfaces. It is also clarified that the composite on route of RPW process shows smaller dimple patterns with finer Mg 2 Si dispersoids than that via the conventionally cold compacting process. This corresponds to the microstructure refinement (grain size reduction) by RPW process shown in Fig. 8 . 
Practical Feasibility to Mass-Production Process
For the establishment of the scale-up oriented engineering on this developed magnesium composite and its new process, it is necessary to evaluate the properties of the magnesium composite with Mg 2 Si dispersoids via mass-production process by using a large scale manufacturing equipments. The RPWed green compacts, having a diameter of 80 mm and thickness of 60 mm, are produced on the route of RPW process by using 3000 kN press machine. The compositions of the raw powder mixture are the same as the above experiment. The number of cycles in RPW is 500 and the preheating temperature is 753 K for 1.8 ks in nitrogen gas atmosphere. The pre-heated RPWed compact is supplied to the hot extrusion with an extruding ratio of 225. AZ31 composite alloys with Mg 2 Si fine dispersoids, having a mean particle size less than 3 mm, have UTS of 378 MPa and an elongation of 11%. The tensile properties are superior to that via laboratory plant equipments, due to the higher extruding ratio. Figure 14 shows an appearance of pipes and rods produced by the large scale manufacturing equipments.
Conclusions
The magnesium composite alloy reinforced with Mg 2 Si dispersoids is fabricated from the elemental AZ31 alloy and silicon powder mixture via in-situ solid-state synthesis process. In the repeated plastic working on the raw mixture for the refinement of silicon particles and their uniform distribution in the AZ31 primary powder, Mg 2 Si/Mg composite alloys show fine microstructures and superior mechanical properties: UTS is about 350 MPa and YS is over 300 MPa. This is because of fine Mg 2 Si dispersoids with a mean particle size less than 5 mm as well as refined matrix grain of 2-5 mm. The specific tensile strength is much higher than that of the conventional magnesium and aluminum alloys such as AZ31, AZ91 and 2014(T6) alloys. This material and process design is possible to apply to the massproduction process in using a large scale manufacturing equipments.
